Resistance microwelding of fine insulated copper wire to phosphor bronze thin sheet without prior removal of insulation is of increasing industrial importance for electrical connections in downsized electronic devices, but the understanding of the process is very limited. Therefore, this work aims to clarify the basic joining mechanism. The effects of main process parameters (welding current, weld time and electrode force) and joint microstructure were investigated by tensile testing, optical microscopy, scanning electron microscopy and energy dispersive X-ray spectroscopy. A welding mechanism with main process stages (cold wire deformation, insulation melting and displacing, and solid-state bonding) is proposed. It should be pointed out that there is no weld nugget forming at the faying surfaces.
Introduction
Microwelding of insulated wire is an interesting but not adequately developed technique in microjoining technologies. Since it has the potential to significantly improve the efficiency of joining process in the fabrication of microelectronic devices, a more intensive study on the microwelding of insulated wire is worthwhile.
In the scenario of microwelding, the resistance microwelding (RMW) technology is important due to the advantages of low cost, high production rate and excellent consistency. [1] [2] [3] [4] [5] [6] Researches on the RMW of a variety of materials including crossed nickel wire, 7) stainless steel wire, 8) Pt wire to stainless steel 9) and nickel-free austenitic stainless steel 10) etc. had been performed. The joining mechanism of RMW was investigated, and the differences between RMW and the regular scale resistance welding were revealed. However, seldom report on the RMW of insulated wire has been found. In order to perform a successful microwelding of insulated wire, two challenges are faced. The first is the efficient removal of insulation without damage to the wire, and the second is the formation of a rigid joint between the wire and the terminal.
As a material with excellent conductivity, insulated Cu wire is extensively used in the fabrication of electrical or electronic devices (e.g. transformers, sensors, coils, and motor windings), either as a fundamental element or for internal and external connections. 11) In order to make an electrical connection between the wire and its metal terminal (usually Cu, Cu alloy, Ni or Kovar), the insulation generally should be removed beforehand with mechanical or chemical approaches. 12) Recently, techniques for microwelding insulated Cu wire without prior removal of insulation have been developed, and have been incorporated into the existing welding techniques including soldering, resistance welding, ultrasonic bonding, laser welding and arc welding. [13] [14] [15] [16] In the RMW of insulated Cu wire, Joule heat is used to displace the insulation. Since the wire is electrically insulated in its original state, approaches should be employed to pre-conduct the electric current so as to generate the heat. This target can be achieved by two means. The first is to use a purpose-made terminal, generally in the form of a clamp such as in the motor armature, which helps to conduct the preheating current. 13, 14) In the situations where clamping is absent, such as in the RMW of a wire to a flat sheet, the application of this technique is limited. Another approach is to use the electrode itself to pre-conduct the heating current. No customized terminal is required, thus the method is flexible to a variety of situations. A sharp-tipped electrode has been developed. The electrode could cut through the insulation so as to form a conductive path. But this method has the disadvantage of causing wire damage. The damage was avoided by using a self-heated electrode (thermode). 13, 14) The thermode always lies in a conductive loop. When the heating current passes, the thermode will generate heat to melt and remove the insulation.
In this paper, the RMW of insulated Cu wire is realized by using a refined thermode. The detailed welding process is described in Section 2. The welding mechanism is investigated through the experimental study and microstructure examination of the RMW of fine insulated Cu wire to phosphor bronze sheet, and the results are presented in Section 3. In the following section, the welding mechanism is discussed. At last, the basic finds of the paper are concluded in Section 5.
Experimental Procedure and Materials
The RMW setup used in this work consisted of a Miyachi IP102S inverter direct-current power supply and a MH-L01 weld head. A set of special electrode configuration was designed to remove the insulation and to accomplish the welding process in a single weld cycle. To do this, the upper electrode was made of two pieces of separated semicylinder in which a round tip was embedded. The lower electrode cable was surrounded by a current sensor that was connected to the weld controller (Fig. 1) . When the welding process starts, the upper electrode will move towards the wire and * Graduate Student, Guangdong University of Technology then press the wire to the sheet with a force F E ( Fig. 1(a) ). An electric current will initiate as soon as F E reaches a preselected value. Then a preheating current I H will be supplied into the upper electrode tip to heat the wire insulation. Once the insulation is removed, a leak electric current I 0 will flow into the lower electrode due to electric potential difference between the opposed electrodes, which will be detected by the current sensor ( Fig. 1(b) ). After that, the heating pulse is switched off and a higher welding current I W will flow through the stacks until the welding process is completed ( Fig. 1(c) ). The details of the welding schedule with a dual-pulse current wave are plotted in Fig. 2 . The upslope time of the heating pulse was 10 ms, and the threshold of leak current was selected to be 5 A.
The base shank of the upper electrode (30 mm long and 3 mm in diameter) separated by mica insulation was made of RWMA Class 2 (chromium copper alloy). The embedded electrode tip (3 mm long and 1 mm in diameter) was RWMA Class 14 (molybdenum). Flat-ended, round RWMA Class 2 electrode with diameter of 3 mm was used as the lower electrode. According to the finds in literature, 2) no water cooling was employed for both electrodes.
Class P155p round enameled copper wire (Elektrisola Co., Ltd., DE) with bare wire (Cu-ETP, annealed after cold drawn) diameter of 0.1 mm and modified polyurethane coating (15 mm thick) was used in this study. The thin sheet was commercial phosphor bronze (half-hard as-rolled, 18 mm long, 7 mm wide and 0.2 mm thick) with the chemical compositions given in Table 1 .
Weld quality was evaluated by 90 tensile test (Fig. 3 ) that was performed using a universal mechanical strength tester (CMT8501, MTS Systems Corporation) at a pulling speed of 10 mm/min. The length of wire between the wire clamp and the joint was 100 mm. The joint breaking force (JBF) and the failure mode were recorded. The joint surface appearance, as well as the cross-sectional microstructure and composition were examined by optical microscope (OM) and scanning electron microscope (SEM) with which an energy dispersive X-ray spectroscopy (EDS) is equipped. Samples were etched with a solution of 5 g FeCl 3 , 20 cm 3 HCl, and 120 cm 3 H 2 O for 3 to 5 seconds. The Vickers microhardness was also measured on the cross sections of the joints under a load of 25 g.
Results

Insulation stripping process
The Cu wire together with its insulation first underwent mechanical deformation during the squeezing stage and presented an indentation on the wire, but the insulation was not observed to be mechanically broken down or displaced from the Cu wire due to the limited electrode force (up to 6 N) and the good ductibility of the polyurethane coating. The insulation was heated afterwards by the upper electrode tip when the preheating current passing through. It was observed that the top layer of the insulation was melted in tens of milliseconds, while the bottom layer insulation remained unmelted (Fig. 4) . The molten insulation rapidly shrank back due to the heat conduction along the wire. When the preheat time was extended up to 120 ms with a current of 200 A, the bottom layer insulation was also melted; the current was then conducted to the lower electrode and the welding stage was initiated. The heat required to melt the insulation depends on the melting temperature and the thickness of the insulation. So there exists a lowest required heat to melt both sides of the insulation. If the heat input was lower than the value, the welding stage would not initiate due to the impediment of the bottom layer insulation. However, excessive heat input is also not advisable. In this case, surface splash and carbonization of the insulation might be caused, which will contaminate the electrode tip and the base metal, thus, shorten the electrode life and devaluate the appearance quality of joints.
Effect of welding current
Welding current, weld time and electrode force are the main process parameters in RMW that will affect the weld quality.
2) Figure 5 shows the typical joints made with various welding current. The weld time was fixed to be 30 ms and the electrode force being 4 N. Liquefied insulation was observed to scatter around the joints (the dark rings in Fig. 5(a)-(c) ). The wire was bared in the joining region and the two ends near the joint. Part of liquefied insulation was trapped between the wire and the sheet outside the joint (Fig. 5(a) ).
As the welding current increased, less scattered insulation was found on the sheet due to the evaporation of insulation. When the welding current reached 360 A, the top surface of the bared Cu wire began to fuse (Fig. 5(b) ). Further increasing the current (e.g. 440 A), severe electrode sticking to wire (ESW) occurred with the evidence of pits and voids appearing in the Cu wire (Fig. 5(c) and (d) ).
Further insight is obtained from the cross-sectional micrographs of joints made at different welding currents, as shown in Fig. 6 . The wire was squashed to different extent according to the different current. The heat-affected zone (HAZ), with grain growth or recrystallized microstructure, was observed on each etched sample. The original annealed microstructure of Cu wire was significantly coarsened as the current increased, while the change of microstructure in the phosphor bronze sheet was relatively slight. A bond line was distinctly presented at the faying surfaces when the current was lower (Fig. 6(a) ). As the plastic deformation of the wire progressed, the bond line became thinner due to the reorientation of grains and the migration of grain boundaries, and was eventually replaced by the grain boundaries of the two metals (Fig. 6(b) and (c) ). When the current was very high (e.g. 440 A), an over-heated microstructure was observed ( Fig. 6(d) ), and the fusion of wire and severe ESW occurred. Different from those observed by Fukumoto and Zhou in RMW of cross Ni wire, 7) no transient liquid phase or molten nugget was observed at the bond interface; in addition, no liquefied insulation was found trapped in the joints.
The relationship between JBF and welding current is analyzed, and the result is plotted in Fig. 7 . The JBF increased first as the welding current increased from 200 A to 400 A but then decreased if the current was further increased. The maximum joint strength achieved in this work was 221 MPa, which was about 79 percent of tensile strength of the as-received wire (280 MPa). Corresponding to the change in the welding current, the joint failure mode also changed from interfacial fracture (200 A320 A) to wire fracture in the HAZ (above 360 A). This characteristic behavior of the JBF is believed to come from the competition effect between the improvement of interfacial bonding (determined by both the bonded area and interfacial strength) and the local softening of wire in the HAZ (resulting from the ''annealing'' effects during RMW). 7) When the interfacial bonding was weak, the joint fractured through the bond interface. The increase in bonded area (as indicated by the increased setdown of the wire) and/or interfacial strength (as indicated by the disappearing of the bond line in Fig. 6(c) ) raised the force required to break the joint. However, as the welding current increased, the wire near the bond interface became the weaker region of the joint because of annealing softening. This phenomenon was approved by measuring the Vickers microhardness of the welded wire made with welding current of 440 A and the as-received wire. The values were approximately HV 60 and HV 87, respectively.
Effect of weld time
The effects of weld time on joint microstructure are demonstrated in Fig. 8 . Grains in the wire grew rapidly as the time extended, while the microstructure in the sheet adjacent to the bond line presented fine equiaxed grains at 20 ms (Fig. 8(b) ), which implied recrystallization occurred. The recrystallized microstructure then experienced a grain growth process (Fig. 8(c) ). The disappearing of bond line in local area suggests a metallurgical bond is achieved. 7) Prolonging the weld time to 40 ms, the top surface of the wire became irregular, indicating the wire was subjected to surface fusion; moreover, the sheet was locally distorted due to the plastic flow of the wire caused by the electrode force (indicated with the black arrows in Fig. 8(c) ).
From the tensile test, it was found that the JBF and the weld time approximately presented a relationship of exponential function (plotted in Fig. 9 ). This suggested that the JBF would increase little after the weld time reaching a threshold value, e.g., 30 ms for 200-A welding current, 10 ms for 360-A and 480-A welding current. Most joints fractured through the bond interface when the current was below 360 A. Some of the joints made at current of 360 A and all the joints made at current of 480 A fractured from the wire when the weld time was above the threshold.
It is noted that there neither existed weld nugget at the faying surfaces even if the weld time was further increased. Adversely, an excess of weld time would lead to poor appearance quality of the welds as well as degradation of the electrode tip. For instance, when the weld time was extended above 40 ms at welding current of 360 A, frequent ESW occurred with liquefied (even carbonized) insulation splashing; if continued to prolong the weld time (e.g. 50 ms), the electrode would be even burnt out.
Effect of electrode force
Electrode force is another key parameter in RMW required to be carefully selected. Figure 10 shows the relation between electrode force and JBF at different welding current. The JBF appeared to be more sensitive on electrode force when the welding current was relatively lower (i.e., joints fractured from the bond interface). Figure 10 also suggests that increasing the electrode force would not necessarily lead to a higher JBF when interfacial fracture occurred. This trend is identical to that observed in the RMW of crossed Ni wires. 7) The reason is that the JBF is determined by both welded area and interfacial strength. When the bonds is weak (fractured from the interface), increasing the electrode force will get a larger bonding area, but the improvement of interfacial strength is limited because of insufficient heat input. It is evident from the joint microstructures showing in Fig. 6 . On the other hand, with the increasing of electrode force, contact resistance between the wire and the sheet will dramatically decrease, 17, 18) resulting in a reduction of resistance heat. Moreover, when the electrode force was set above 4 N, frequent unexplained ''sparking'' phenomena were observed to occur (probably due to the approach of electrode tip to base metal), which also contributed to the loss of welding energy. The above two factors led to the decline of interfacial strength and thus JBF at lower welding current.
It should be pointed out that the ''sparking'' phenomena occurring in RMW are undesirable and should be avoided, since they were observed to be relevant to the unstable welding process and could reduce the consistency of weld quality. In addition, the ''sparking'' phenomena would also occur when the electrode force was set as a low value (e.g. less than 2 N). In this case, the wire and the electrode tip would have a poor contact and the contact resistance was high, resulting in a sharp increase of Joule heating. 17, 18) At worst, the joint might be blown off (Fig. 11) .
Discussion
Welding mechanism
In theory, two ideal metallic surfaces (i.e., both perfectly clean and atomically flat) will bond together spontaneously when brought into their equilibrium interatomic spacing, and thus form a weld. 19) In reality, most engineered surfaces consist of surface asperities, oxide layers or contamination films that will impede the formation of metallic bonds. Therefore, external energy, usually in the forms of heat and/or pressure, is required to overcome these impediments to achieve a metallurgical joint.
Heating and pressure is helpful to obtain material continuity and, thereby, promote the weld formation in several ways. [20] [21] [22] In the solid state of metals to be joined, heating helps to drive off volatile adsorbed layers of gases, moisture, or organic contaminants, exposing clean base metal to enable formation of metallic bonds once atoms are brought sufficiently close together. Moreover, heating and pressure tend to break the brittle oxide layers through differential thermal expansion and mechanical deformation, or, occasionally, cause these oxides to thermally decompose, dissociate or dissolve. The heating treatment will be further helpful in the solid state bonding by softening the base metals, consequently results in plastic deformation under pressure so as to bring more atoms into contact. At last, heating is desirable for the promotion of dynamic recrystallization during plastic deformation, hence causes new grains to nucleate and grow across the original interface.
During the RMW process of insulated Cu wire to phosphor bronze sheet, both heat and pressure are available in the forms of resistance heating and electrode force. First, the polyurethane coating, as well as probably adsorbed moisture layer, were squeezed out or vaporized from the bond interface after thermal depolymerization and mechanochemical depolymerization 23, 24) during the preheating stage (Fig. 4  and Fig. 5 ), which created a possibility of metal-to-metal bonding. In the welding stage, the wire was softened by the resistance heating, and a substantial plastic deformation of the Cu wire would be caused by the electrode force. Therefore, the surface asperities would be removed, bringing a large number of atoms into intimate contact over a large area (Fig. 6) . The substantial plastic deformation of the Cu wire also facilitated the fracture of the oxide layer on the phosphor bronze sheet by fast plastic flow and grain boundary sliding, exposing clean base metal atoms to form a weld. Moreover, oxide at the bond interfaces (mainly copper oxide) can be thermally decomposed at elevated temperature of 300700 C, 20) and thus dissolved into the base metals.
Atomic diffusion between the weldments at elevated temperature is also beneficial to the solid phase welding by moving and intermixing more atoms to establish metallic bonds. 20) In order to further investigate the bonding mechanism of RMW of Cu wire to phosphor bronze sheet, an EDS analysis on element distribution was conducted on the cross section of the joint. Figure 12 shows the distribution of Sn for the sample in Fig. 6(d) . No evident diffusion for Sn from the phosphor bronze sheet to the Cu wire was observed. The reason was believed due to the very short weld time (30 ms) and the lack of post-weld treatment cycles, compared to that in typical diffusion bonding processes (usually performed in tens of minutes), which resulted in the limited diffusion of Sn.
Based on the previous results and discussion, a process sequence of RMW of insulated Cu wire to phosphor bronze sheet is proposed. First, the Cu wire and its insulation coating would be subjected to a cold deformation under the effect of electrode squeezing force (Stage 1). Second, the polyurethane insulation would be heated, liquefied and displaced from the joint during the preheating stage (Stage 2). And the third, the Cu wire would experience substantial plastic deformation under indirect resistance heating and electrode force and ultimately form a solid-state joint (Stage 3). Although further increasing the welding current and/or weld time, surface fusion of the Cu wire would occur, while the bond interface remains unmelted. Therefore, RMW of insulated Cu wire to phosphor bronze sheet is basically a solid-state bonding process.
Reasons for absence of weld nugget
Nugget was not observed at the faying surfaces in this work, even under the extreme conditions (i.e., maximum welding current and weld time was applied) where the Cu wire was completely melted and even the electrode was burnt out. Possible reasons for the absent of nugget can be concluded as follows. First, copper is one of those metals that are the most difficult for resistance welding because of its low electrical resistivity and high thermal conductivity. 25) Less Joule heat is generated in pure copper while the dissipation is fast, so heat accumulation at the bond interface is difficult. Furthermore, the special electrode material and configuration determine that heat generation mainly comes from the bulk resistance heating of the molybdenum electrode tip rather than from the workpieces (Molybdenum has a bulk resistivity of about 3.4 times of copper). 26) In other words, heat required to form a nugget mainly comes from the temperature difference between the electrode tip and the Cu wire. This kind of thermal gradient would cause a large heat imbalance 27) and result in the Cu wire melting prior to the phosphor bronze sheet. Therefore, although copper and phosphor bronze have near melting temperature (1083 C for Cu vs. 1045 C for phosphor bronze), the differences of thermophysical properties between the Cu wire and phosphor bronze sheet and the special electrode configuration account for the absence of weld nugget.
Although the presence of a weld nugget with suitable size suggests a sound weld for most ferrous metals, in practice, weld nugget is not a prerequisite for achieving satisfactory welds for all RMW processes, especially for the joining of two dissimilar metals. This is confirmed by many researchers in their literature. [7] [8] [9] Nevertheless, more endeavors should be contributed to the study of RMW of insulated Cu wire to dissimilar metals because of their extensive applications in electrical and electronic industries.
Conclusions
RMW of insulated Cu wire to phosphor bronze sheet was investigated by detailed mechanical testing and microstructure examinations. The main conclusions are summarized as follows.
(1) Welding current and weld time have greater effects on joint microstructure evolution and joint strength, compared to electrode force. At small values, increasing welding current and weld time will both increase JBF, but a very high current will decrease JBF because of annealing softening of the wire. Although the influence of electrode force on JBF is not severe under moderate welding current, it should also be carefully controlled, since inappropriate force will give rise to the unstable sparking phenomena.
(2) The RMW of insulated Cu wire to phosphor bronze sheet includes the following stages: 1. cold wire deformation; 2. insulation melting and displacing; and 3. solid-state bonding.
(3) No weld nugget is formed at the faying surfaces due to thermophysical characteristic differences between copper and phosphor bronze and the heat imbalance resulted from the electrode configuration. 
